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SUBSONIC AERODYNAMIC CHARACTERISTICS OF 


A SPACE SHUTTLE ORBITER 

By James C. Ellison 
Langley Research Center 

SUMMARY 

Low-subsonic wind-tunnel tests have been conducted to determine the static lon- 
gitudinal and lateral -directional aerodynamic characteristics of a space shuttle orbiter. 
Data were obtained at angles of attack from about -4° to 24° at angles of sideslip of 0° 
and 5° for Reynolds numbers ranging from 4.17 x 10® to 29.17 x 10®, based on model 
length. Elevon effectiveness was investigated by setting the elevons at deflection angles 
of 0°, -10°, -15°, and -20°. 

Increasing Reynolds number from 4.17 x 10® to 29.17 x 10® had essentially no effect 
on the longitudinal characteristics but had significant effects on the lateral -directional 
characteristics. The model was longitudinally stable about the test center -of -gravity 
position of 0.67 body length at all angles of attack and elevon deflections tested. The 
maximum trimmed lift -drag ratio of about 6.25 was obtained at an angle of attack of about 
9° with an elevon deflection of -10° with significant trim penalties at other elevon - 
deflection angles. Depending on Reynolds number and elevon deflection, the model was 
directionally unstable at angles of attack between 9° and 17°. 

INTRODUCTION 

The National Aeronautics and Space Administration and the aerospace industry are 
presently investigating, experimentally and analytically, configurations suitable for . 
transporting large payloads to and from near-earth orbit. (See refs. 1 to 3.) The basic 
concept incorporates a reusable orbiter which is vertically launched, separates from the 
booster system at some point in the flight, and is capable of aircraft -type horizontal 
landing following reentry. This paper presents the results of an investigation of the sub- 
sonic aerodynamic characteristics of an orbiter concept designed for use in a fully reus- 
able, two -stage, shuttle system. 

The study examined the effects of Reynolds number on the static longitudinal and 
lateral -directional stability characteristics and the effectiveness of the elevons as lon- 
gitudinal controls. The investigation was conducted in the Langley low -turbulence 


pressure tunnel at a Mach number of 0.25 for angles of attack from -4° to 24° at sideslip 
angles of 0° and 5° over a range of Reynolds numbers from 4.17 x 10® to 29.17 x 10®, 
based on model length. 


SYMBOLS 

The static longitudinal characteristics are referred to the stability axes, and 
the lateral -directional characteristics are referred to the body axes. All coefficients 
are normalized with respect to the theoretical wing planform area, the mean aerody- 
namic wing chord, and the wing span. The moment reference point corresponds to a 
center-of -gravity location at 67 percent of the body length and 41 percent of the body 
height at this longitudinal station. 
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side -force parameter, ACy/A/3, where /3 = 0° and 5° 
mean aerodynamic chord 

moment of inertia about longitudinal body axis, kilogram -meters 2 (slug-feet^) 

moment of inertia about normal body axis, kilogram -meters^ (slug-feet^) 

wing incidence angle 

lift -drag ratio 

maximum lift -drag ratio 

length of body 

base pressure 

free -stream static pressure 

free -stream dynamic pressure 

Reynolds number based on body length 

theoretical wing planform area 

base area 

vertical -tail planform area 
spanwise coordinate (see fig. 1) 
angle of attack, deg 
angle of sideslip, deg 
incremental values 

elevon-deflection angle, positive when trailing edge down 
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DESCRIPTION OF MODEL 


A sketch of the model is presented in figure 1 and photographs of the model are 
shown in figure 2. The basic configuration consisted of a blended delta wing -body with 
a center-line vertical tail. The wing (NACA 0010-64 at the root and NACA 0012-64 at 
the tip) had 2° of incidence and 10° of dihedral with full -span elevons which could be set • 
at deflection angles of 0°, -10°, -15°, and -20°. Provisions were made to test the model 
with and without the vertical tail. 

TESTS AND CORRECTIONS 

The tests were conducted in the Langley low -turbulence pressure tunnel (ref. 4) by 
using a smooth model at a Mach number of 0.25 over a range of Reynolds numbers from 
4.17 x 10® to 29.17 x 10®, based on model length. Forces and moments were measured 
with a sting -supported, six-component, strain-gage balance. The angle of attack was 
varied from about -4° to 24° at angles of sideslip of 0° and 5°. 

Angles of attack and sideslip have been corrected for the effects of sting and bal- 
ance deflections due to aerodynamic loads. The data have been corrected for wind-tunnel 
blockage. The drag coefficients represent gross drag in that no correction was made for 
base pressure; however, the base -pressure coefficient, an average of two measurements, 
has been presented. 


RESULTS AND DISCUSSION 

The results of this investigation are presented as longitudinal and lateral -directional 
aerodynamic characteristics in figures 3 to 5 and figures 6 to 9, respectively. 

Longitudinal Aerodynamic Characteristics 

* Effect of Reynolds number . - The longitudinal aerodynamic characteristics of the 
model with the elevons deflected -10° (which most nearly represents the condition of 
maximum trimmed L/D) are shown in figure 3. As can be seen in figures 3(b) and 3(c) 
no consistent trend in the variation of drag coefficient or (L/D) max with Reynolds num- 
ber is apparent. The values of Cp for a given value of C^ remained essentially 
constant for Reynolds numbers of 20.83 x 10® and above; hence, the remaining longitudinal 
data are presented for R = 20.83 x 10®. 

Effect of elevon deflection . - The longitudinal characteristics of the model with vari- 
ous elevon -deflection angles are presented in figure 4; these data were utilized to obtain 
the trim characteristics in figure 5. The model was statically stable throughout the 
angle -of -attack range (center of gravity at 0.67) for all elevon -deflection angles tested, 
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and deflection of the elevons produced a nearly linear variation in pitching moment. A 
large negative out -of -trim pitching moment exists at a = 0° and 6 e = 0°, as indicated 
by the circular symbols in figure 4(c). The wing incidence of 2° produced a negative 
C m ,o> 1)114 t4ie value of C m>0 attributable to the theoretical wing planform was calculated 
as -0.016 (ref. 5), much less than the measured value of -0.061 for the complete model. 
The major portion of the out -of -trim moment is probably caused by the drooped body nose 
and the fairing of the wing -to -body contours. An examination of the chordwise mean-line 
distribution of two inboard wing sections (where the wing-to-body fairing covers the 
original theoretical airfoil section) showed that the root-station (y/b = 0.265) mean-line 
camber was about 1.9 percent chord, and the station at y/b = 0.369 mean-line camber 
was about 0.9 percent chord. (See fig. 1.) Reference 5 indicates that airfoil sections 
with about 2.0 percent mean-line camber produce a value of C m o of -0.05, based on 
the local chord. Although the out-of-trim moments produced by the cambered inboard 
sections of the model wing would have to be weighted to obtain a reasonable estimate of 
their contribution, it is obvious that they have a major influence on the total model out- 
of-trim moment. The trim data (fig. 5) indicate that an elevon -deflection angle of -6.75° 
is required to trim out the negative C m0 , and an elevon -deflection angle of -14° is 
required to trim the model at the landing attitude (a = 17°). This large deflection of the 
elevons for trim reduces the value of at a = 17 0 from 0.84 to 0.58. The lift-drag 

ratio had a maximum untrimmed value of about 7.0. The maximum trimmed lift -drag 
ratio of about 6.25 was obtained at a ~ 9° with 6 e = -10° with significant trim penal- 
ties at other elevon-deflection angles. 


Lateral -Directional Aerodynamic Characteristics 


The lateral -directional parameters C? 


'Ip’ C np’ and p 

the increments in Cj, C n , and Cy, respectively, between p = 0° and 5°; therefore, 
they do not account for any nonlinearities which may exist in the intermediate sideslip 
range. 


were calculated from 


Effect of Reynolds number .- The results presented in figure 6 indicate an increase 
in directional stability with increases in Reynolds number over the angle -of -attack range; 
however, between a = 9° and 17°, depending on Reynolds number, there was an unstable 
region followed by a stable region at the higher angles of attack. The magnitude of the 
loss in directional stability was reduced and the rate of recovery was increased as 
the Reynolds number increased, but increasing Reynolds number did not eliminate the 
unstable region. For a > 12° the positive effective dihedral (-C^) decreased as the 
Reynolds number was increased, and it appeared to correspond with the recovery in 
directional stability noted previously. 
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Visual-flow observations using tufts attached to the model indicated bound vortices 
originating at the leading edge of the wing and at the wing -body juncture which increased 
in intensity with angle of attack. When the model was yawed, the vortices on the wind- 
ward side shifted inboard and the wing -body -juncture vortex swept the body side with 
high-energy flow. As angle of attack increased, the high-energy flow from the vortex 
apparently generated negative pressures on the body side rearward of the moment center 
of sufficient magnitude to reduce the directional stability, especially at the lower Reynolds 
number where the influence of vortices is relatively stronger. 

The continued increase in positive effective dihedral with increasing angle of attack 
at the low Reynolds numbers suggests that the vortex influence over the windward wing 
is strong enough to maintain unseparated flow over the wing tip up to a ~ 17°. The rela- 
tive strength of the bound vortices decreased with increasing Reynolds number, thus 
reducing the influence on the aerodynamic loading over the upper wing and body side sur- 
faces rearward of the center of gravity. Furthermore, at the higher Reynolds number 
this probable reduction of the negative pressure distribution on the windward portion of 
the rear body coupled with the earlier separation of the outboard portion of the windward 
wing resulted in increased directional stability and reduced effective dihedral. Similar 
effects of leading -edge bound vortices on the lateral-directional characteristics of highly 
swept wings have been presented in reference 6, and the effect of Reynolds number on 
vortex flow has been shown in reference 7. 

Effect of elevon deflection . - The effect of elevon deflections on the lateral- 
directional stability is shown in figure 7 for R = 20.83 x 10®. In the range about 
9° < a < 13° the configuration was directionally unstable for 6 e = 0°, -10°, and -15° 
with the greatest instability resulting for 5 e = 0°. Above a = 13° the directional sta- 
bility was regained at all elevon -deflection angles investigated with the greatest recovery 
being achieved with 6 e = 0° and -10°; however, at about a = 19.5° the configuration 
with 6 e = -20° became unstable. For a < 12° the positive effective dihedral increased 
when the elevon -deflection angle was changed from 0° to -10°, but the effect of elevons on 
Cip reversed as the elevons were deflected to greater negative angles for angles of 
attack below about 16°. The effective dihedral, for all elevon -deflection angles tested, 
decreased above a = 11° as the angle of attack increased. Although the model lost 
static directional stability at some angles of attack for all elevon-deflection angles, fig- 
ure 8 shows that the model retained dynamic directional stability ^ 'C n ^ a * angles 

of attack for the longitudinally trimmed case. 

Effect of vertical tail .- The effect of the vertical tail on the lateral -directional 
aerodynamic characteristics for 6 e = 0° is shown in figure 9. As can be seen from 
this figure, the vertical tail produced a nearly constant increment in directional stability, 
and the large decrease in C n ^ between a ~ 8° and 14° was not affected by its presence. 
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This indicates that the loading on the vertical tail was not influenced by the vortex -type 
flow in the wing -body juncture. The positive effective dihedral was significantly 
decreased when the vertical tail was removed. Near a = 11° the value of C ^ began 
to increase and became positive at a = 16° with the vertical tail and at a = 14° with- 
out the vertical tail. 


SUMMARY OF RESULTS 

Low -subsonic wind-tunnel tests have been conducted to determine the static longi- 
tudinal and lateral -directional aerodynamic characteristics of a space shuttle orbiter. 

The results of the investigation are summarized as follows: 

1. Increasing the Reynolds number from 4.17 x 10® to 29.17 x 10® had essentially no 
effect on the longitudinal characteristics, but it had significant effects on the lateral - 
directional characteristics. 

2. The model was longitudinally stable about the test center -of -gravity position of 
0.67 body length for all angles of attack and elevon -deflection angles tested. 

3. The maximum trimmed lift -drag ratio of about 6.25 was obtained at an angle of 
attack of about 9° with an elevon deflection of -10° with significant trim penalties at other 
elevon-deflection angles. 

4. Depending on Reynolds number and elevon-deflection angle, the model was direc- 
tionally unstable at angles of attack between 9° and 17°. 

Langley Research Center, 

National Aeronautics and Space Administration, 

Hampton, Va., May 9, 1973. 


7 



REFERENCES 


1. Ware, George M.; and Spencer, Bernard, Jr.: Low -Subsonic Aerodynamic Charac- 

teristics of a Shuttle -Orbiter Configuration With a Variable -Dihedral Delta Wing. 
NASA TM X-2206, 1971. 

2. Freeman, Delma C., Jr.: Low-Subsonic Aerodynamic Characteristics of a Space 

Shuttle -Orbiter Concept With a Blended Delta Wing-Body. NASA TM X-2209, 1971. 

3. Fox, Charles H., Jr.; and Freeman, Delma C., Jr.: Subsonic Stability, Control, and 

Performance of a Shuttle Concept With a Blended Wing-Body. NASA TM X-2341, 
1971. 

4. Pirrello, C. J.; Hardin, R. D.; Heckart, M. V.; and Brown, K. R.: An Inventory of 

Aeronautical Ground Research Facilities. Vol. I - Wind Tunnels. NASA CR-1874, 
1971. 

5. Abbott, Ira H.; and Von Doenhoff, Albert E.: Theory of Wing Sections. Dover Publ., 

Inc., c.1959. 

6. Lovell, J. Calvin; and Wilson, Herbert A., Jr.: Langley Full-Scale Tunnel Investiga- 

tion of Maximum Lift and Stability Characteristics of an Airplane Having Approxi- 
mately Triangular Plan Form (DM-1 Glider). NACA RM L7F16, 1947. 

7. Wilson, Herbert A., Jr.; and Lovell, J. Calvin: Full-Scale Investigation of the Maxi- 

mum Lift and Flow Characteristics of an Airplane Having Approximately Triangular 
Plan Form. NACA RM L6K20, 1947. 













10 


Figure 2.- Photographs of the model. 




(b) Top view. 


Figure 2.- Continued. 
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(c) Bottom view. 

Figure 2.- Concluded. 
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Figure 3.- Continued. 
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Figure 4.- Continued. 
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Figure 5.- Trim characteristics. R = 20.83 X 10®. 
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Figure 9.- Effect of vertical tail on the lateral -directional stability derivatives. 

R = 20.83 X 10 6 ; 6 e = 0°. 
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